The Sydney University Stellar Interferometer (SUSI) is a new long-baseline optical interferometer located in northern New South Wales, Australia. SUSI has been developed to tackle a range of problems in stellar astrophysics, and its design is based on a successful prototype instrument. In its initial con®guration, observations are made with a single baseline selected from an array of ®xed north±south baselines covering the range from 5 to 640 m. Small apertures, wavefront-tilt correction and rapid signal sampling are employed to overcome the effects of atmospheric turbulence, and optical path equality is maintained by a dynamic optical delay line. The planned astrophysical programmes, the resulting design criteria, the instrument and its current status are described.
I N T R O D U C T I O N
With very few exceptions, the diameters of stars subtend angles that are too small to be resolved with even the latest generation of very large optical telescopes. To measure these angles it is generally necessary to employ interferometric techniques, in which starlight collected at two or more widely separated apertures is combined coherently. The ®rst measurement of a stellar angular diameter (a Ori) was made with Michelson's stellar interferometer (Michelson & Pease 1921) . Light collected by two small mirrors, carried on a steel beam mounted on the 100-inch Hooker telescope at Mount Wilson, was combined in the telescope and the resulting interference fringes were viewed by eye. However, for accurate measurements, optical interferometry requires extreme mechanical stability, sensitive detectors with good time resolution, and at least a simple adaptive optical system to reduce the effects of seeing. The lack of this technology stalled the development of the technique.
The ®eld remained dormant until Hanbury Brown & Twiss developed the technique of intensity interferometry and demonstrated it at optical wavelengths by measuring the angular diameter of a CMa (Hanbury Brown & Twiss 1958) . Compared with Michelson's interferometer, this technique has the advantages of not requiring high mechanical stability and of being essentially unaffected by seeing. Following the successful demonstration of the technique, the Narrabri Stellar Intensity Interferometer (NSII) (Hanbury Brown, Davis & Allen 1967) was constructed. It was operated by the Chatterton Astronomy Department through the 1960s and early 1970s to measure the angular sizes of 32 hot stars with magnitude B < 2:5 (Hanbury Brown, Davis & Allen 1974) . These results were used to establish the temperature scale for stars hotter than the Sun (Code et al. 1976) . The NSII was also used in an extensive observational programme, which clearly demonstrated the potential of high angular resolution interferometry for a wide range of stellar studies.
With the completion of the NSII program in 1972, the Chatterton Astronomy Department began designing a successor to the NSII. Initially this was conceived as a very large intensity interferometer but, since the technique is inherently insensitive, very large collecting areas, albeit of relatively low optical quality, are required. It became clear that a modern form of Michelson's instrument, an amplitude interferometer, would provide greater sensitivity and would be less expensive to build. Unlike intensity and speckle interferometry, amplitude interferometry can provide useful sensitivity (limiting magnitude ,7) with modest input aperture diameters (100 , 200 mm). However, before a full-scale instrument could be built, there were a number of technical problems to be investigated and it was decided to build a prototype interferometer (Davis & Tango 1985) which would incorporate most of the features of a major instrument, but which would have a single, relatively short baseline of 11.4 m to minimize the complexity and cost.
The prototype interferometer was used to redetermine the angular diameter of a CMa (Davis & Tango 1986 ), a star previously measured using the NSII. This successful demonstration of the method was the basis of a proposal to build the Sydney University Mon. Not. R. Astron. Soc. 303, 773±782 (1999) q 1999 RAS Stellar Interferometer (SUSI). The aim was to construct an instrument capable of undertaking very high angular resolution studies of single stars and close binary systems of essentially all spectral types and luminosity classes. The potential stellar programmes envisaged for high angular resolution interferometry have been outlined by Davis (Davis 1979 (Davis , 1983 and McAlister (McAlister 1979 , 1985 and include:
(i) single stars ± emergent¯uxes, effective temperatures, radii and luminosities;
(ii) binary stars ± distances, masses, emergent¯uxes, effective temperatures, radii and luminosities; (iii) variable stars (e.g., Cepheids and Miras) ± distances, emergent¯uxes, effective temperatures, radii and luminosities;
(iv) emission-line stars (e.g., Be and Wolf±Rayet stars) ± relative sizes of star and emission regions, emergent¯uxes, effective temperatures;
(v) stellar rotation; (vi) limb darkening, and (vii) interstellar extinction.
The programs listed above can be tackled with an interferometer that simply measures the angular diameters of stars and the angular separations of binary systems without the need to form images. SUSI has been designed with this in mind, and light is combined from two apertures at a time in the initial con®guration. This is in contrast to instruments such as the Cambridge Optical Aperture Synthesis Telescope (COAST) (Baldwin et al. 1998 ) and Navy Prototype Optical Interferometer (NPOI) (Armstrong et al. 1998 ) that combine the light from three or more apertures simultaneously to enable images to be constructed using phase-closure techniques.
In this paper the basic design speci®cations for SUSI are given, and the instrument is described in some detail. A second paper (Davis et al. 1999, hereafter SUSI II) , gives the theory of operation and describes how the interferometer is actually used, the methods that have been developed for calibrating the observations and correcting for residual seeing and instrumental effects, and the determination of angular diameters from the observed fringe visibility. Initial funding for the detailed design and construction of SUSI was granted in 1985, and construction commenced in late 1987.
B A S I C D E S I G N S P E C I F I C AT I O N S
In order to achieve the science objectives, we concluded that SUSI should have the following performance targets: (i) a limiting V magnitude of at least 7:5; (ii) the capability of measuring angular sizes down to #7:5´10 À5 arcsec at a wavelength of 450 nm to enable a sample of hot O-type stars to be measured; (iii) an accuracy in angular size measurements of # 6 2 per cent (65 per cent would be the lowest useful accuracy), and (iv) a spectral range from 400 to 900 nm, with the possibility of extension to longer wavelengths.
These goals, coupled with a range of theoretical and practical limitations, determined the main design speci®cations of SUSI, which we discuss in more detail in the following.
Aperture size
The fringe visibility measured by a stellar interferometer is reduced as a consequence of atmospheric turbulence (Tango & Twiss 1980; Buscher 1988) , and to minimize the visibility loss the aperture size should be no larger than ,r 0 , where r 0 is Fried's seeing parameter (Fried 1966) . Typical values of r 0 range from 8 , 15 cm across the spectrum from blue to red. We accordingly chose a maximum aperture size of 14 cm, a value which corresponds to seeing of ,1 arcsec at Ha.
Following the design of the prototype (Davis & Tango 1985) , it was also decided to use siderostats consisting of plane, alt-azimuth mounted mirrors which direct starlight in a ®xed output direction. Because siderostats are not used at normal incidence, their effective aperture is reduced by the factor cos i, where i is the angle of incidence. The SUSI siderostats have been designed to operate with i # 458 and, in order to achieve the desired aperture diameter of 14 cm, a mirror diameter of 20 cm was chosen.
The seeing parameter r 0 is proportional to sec z À3=5 , where z is the zenith distance (Sasiela 1994), and consequently the effects of seeing become greater as z increases. This sets a practical limit to the largest zenith distance for interferometric observations, and in SUSI this has been chosen to be 608.
The baselines
SUSI has been designed to operate with baselines ranging from 5 to 640 m, with intermediate baselines forming a geometric progression increasing in steps of ,40 per cent, corresponding to a range of resolution from 2´10
À2 to 7´10 À5 arcsec at a wavelength of 450 nm. The low resolution limit provides an overlap with the angular resolution attainable with speckle and non-redundant mask interferometry with large conventional telescopes. The 640 m length of the baseline array, chosen to resolve a sample of hot O-type stars, provides SUSI with the highest angular resolution of any existing or currently proposed interferometer or interferometric array. For example, the NPOI (Armstrong et al. 1998 ) and CHARA Array (McAlister et al. 1998) will have maximum baselines of 437 and 354 m, respectively.
A number of practical considerations determined the actual layout of siderostat stations to achieve the desired baselines. In order to reduce the complexity of the transfer optics at each station, it was decided to have two arms and to form the baselines by selecting one station from each arm. The two arms are oriented on a north±south axis. This orientation was chosen in order to simplify the design of the optical path-length compensator (OPLC); this point is discussed further in Section 4.4. To minimize the number of stations while keeping internal optical path-length differences reasonably small, the stations have been arranged in a minimal redundancy array. The combination of all pairs of input stations leads to additional baselines and some redundancy. Table 1 lists the locations of the siderostat stations relative to the centre of the array, while Table 2 lists the`preferred' SUSI baselines (i.e., those which most closely match the geometric progression mentioned above). Baselines which are operational at the time of writing are shown in boldface. There is an additional station located 10 m east of the centre of the main linear array. This is the ®rst station of a potential east±west arm.
Ideally, the interferometer baselines should be horizontal. The site chosen for SUSI has a small gradient and the two arms were designed to have slightly different non-zero gradients which were chosen to minimize the maximum vertical height difference over the array. The largest height difference occurs for the stations at the two ends of the array and is ,1:1 m.
Wavelength coverage
In order to achieve the wavelength coverage speci®ed in Section 2 as well as to obtain high re¯ectivity, all the mirrors in SUSI, with the exception of the siderostat mirrors (see Section 4.1.1), use enhanced silver coatings.
The beam-combining optics for SUSI utilize dielectric coatings throughout. There are practical dif®culties in producing coatings which perform satisfactorily over the full spectral range of 400± 900 nm, and accordingly SUSI has been designed to have two independent beam-combining systems which will cover the spectral ranges of 400±550 and 550±900 nm, respectively.
The`blue system' is fully operational. It is based on the beamcombining optics used in the prototype interferometer, and is particularly suitable for observing hot stars. The second or`red' beam-combining system is currently being designed.
THE SITE
An ideal location for a long-baseline optical interferometer would have the following characteristics:
(1) a high incidence of good seeing conditions; (2) a high incidence of clear skies; (3) geological conditions which permit the construction of stable foundations; (4) a large¯at horizontal site; (5) a low level of light pollution;
(6) low seismic activity, and (7) no signi®cant sources of man-made vibration near the site.
An extensive survey of potential sites in the state of New South Wales was undertaken with the assistance of the University's Department of Geology and Geophysics. The site chosen for SUSI is located at the Paul Wild Observatory, a facility operated by the Commonwealth Scienti®c and Industrial Research Organisation (CSIRO). It is located approximately 20 km from the town of Narrabri in northern New South Wales at latitude 308199 S and longitude 1498339 E. The site is 210 m above sea level. The site meets all the criteria listed above, and in particular the median seeing is ,1:3 arcsec (ten Brummelaar et al. 1994) .
The foundations, piers supporting the main optical systems, and the vacuum system were designed by the consulting engineering ®rm of Connell Wagner. Connell Wagner were also the project managers for the site works and civil engineering during the construction of SUSI. Fig. 1 is an aerial view of SUSI looking from the north along the 640-m baseline array, and it shows the individual siderostat stations and the system of evacuated pipes connecting the stations to the main laboratory.
THE INSTRUMENT
The T-shaped main laboratory area can be seen in the top centre of the photograph. The 80-m-long section parallel to the baseline encloses the OPLC. The beam-combining laboratory, the control room and other facilities are located in the western section of the building.
The layout of the instrument was determined in large part by the prevailing wind direction. In fair weather conditions the wind generally comes from the south-east, and any air turbulence generated by the main building will be blown away from the baseline.
The OPLC`tunnel' and the beam-combining laboratory are contained within a large instrument enclosure inside the building visible in the photograph. The enclosure is constructed from plywood and timber, and there is no forced air circulation within it. As far as possible, heat sources within the enclosure have been minimized. The space between the outer walls of the building and the enclosure is air-conditioned and serves to buffer the enclosure from changes in the external temperature. As a consequence, the diurnal temperature variation within the enclosure is small and the internal seeing is negligible.
The optical layout of the interferometer is shown diagrammatically in Fig. 2 . The optics can be divided into several major subsystems:
(1) input optics; (2) the beam-reducing telescope and atmospheric refraction corrector;
(3) the tip-tilt adaptive optical system and the acquisition system; (4) the OPLC, and (5) the beam-combining system.
These will be described in more detail in the following sections. 
The input optics

The siderostats and siderostat stations
The siderostats have been designed to drive the mirrors extremely smoothly. They were fabricated from SG iron castings, a material which is mechanically very stable and has excellent vibration-damping properties. The gears were diamond lapped, and the azimuth and elevation shafts are supported by precision bearings. The setting accuracy is limited by the resolution of the shaft encoders and is ,4 arcsec.
The siderostats re¯ect the incident starlight to one of two relay mirrors, which are located directly north and south of the siderostat. The relay mirror con®guration which minimizes the angle of incidence is used for observing. These and the other relay mirrors in the optical train between the siderostats and the beam-reducing telescope are all 20 cm in diameter and are used at an angle of incidence of 458, thus allowing a maximum beamsize of 14 cm.
The relay mirrors direct light vertically downward into the vacuum system through optical windows. Movable relay mirrors, located in chambers within the siderostat pier, are used to direct the light from the station to the centre of the baseline and thence into the main optical laboratory. These mirrors can be moved in or out of the main beam path, and are used to select the siderostat con®guration to be used for a particular observation.
There is a small optical asymmetry between the north and south arms of the interferometer due to the arrangement of the relay mirrors. At each station one pair of mirrors forms a true periscope (no inversion of the image), while the other pair is effectively a roof which produces a mirror re¯ection of the image. The north and south siderostats will always have opposite con®gurations, and consequently the images produced by the two siderostats will differ by a vertical re¯ection. The asymmetry also produces a phase shift of 1808 between the vertically polarized components of the light in the two arms.
The siderostats housings are insulated and have manually operated roll-off roofs which allow the housing to be completely open while observing. This minimizes any local or`dome' seeing. Also, the electronics which service the stations are enclosed in weatherproof cabinets located ,3 m west of the main housings.
Because the housings are not sealed and air-conditioned, the siderostats and upper relay mirrors are subject to¯uctuations in temperature and humidity. It was found that overcoated silver mirrors deteriorated in these conditions, and these mirrors now have protected aluminium coatings. These are more robust and the mirrors can be washed if necessary.
The vacuum system
In order to avoid additional seeing degradation, the optical paths from the siderostats to the main beam-combining laboratory are contained within a system of evacuated pipes.
The vibration from the vacuum pumps can prevent the detection of interference fringes, and consequently a static vacuum is maintained during observations. The system has been designed to maintain a pressure of < 140 Pa for at least 12 h with the pumps turned off.
Light enters and exits the vacuum system via BK7 windows 180 mm in diameter and 40 mm thick, which have magnesium uoride antire¯ection coatings.
The beam-reducing telescope and refraction correctors
The beam-reducing telescope
The beam-reducing telescope (BRT) consists of two concave parabolic mirrors arranged in an on-axis con®guration to produce a collimated output beam (see Fig. 2 ). The 0.546-m-diameter primary mirror has a focal length of 1.950 m, while the 0.210-mdiameter secondary has focal length 0.650 m. The diameter of the input beams is thus reduced by a factor of 3.0 to ,50 mm. The angular magni®cation of the BRT is also 3.0.
The primary mirror has a large hole trepanned in the centre. The two input beams illuminate diametrically opposed areas of the primary mirror. After being recollimated by the secondary, they emerge as parallel beams through the central hole.
A real image is formed in the common focal plane of the two paraboloids. A ®eld stop can be located here to limit the ®eld of view on the sky if necessary.
The atmospheric refraction correctors
As with many astronomical instruments, SUSI is adversely affected by atmospheric refraction, and a set of Risley prisms (Breckinridge, McAlister & Robinson 1979) in each beam is used to correct for this q 1999 RAS, MNRAS 303, 773±782 Figure 2 . The overall layout of the optics. Key: S 200-mm siderostat mirror (only two stations shown); W 180-mm diameter window; EP evacuated pipe; BRT beam-reducing telescope; ARC atmospheric refraction corrector; P pellicle; SAS star acquisition system; T wavefront tilt correcting mirror; OPLC optical path-length compensator carriage; LDC longitudinal dispersion corrector; OT optical table (see Fig. 5 for the beam-combining optics, etc. carried on the optical tables). effect. Two pairs of prisms are used in each beam, and are located near the output end of the BRT. The prism pairs consist of opposed BK7 and F2 prisms having apex angles of 13:10 and 11:00 arcsec, respectively. This combination of glasses and angles results in a null deviation wavelength of 800 nm and, using the atmospheric dispersion model of Owens (1967) , the difference in deviation between the glass and atmosphere is less than 60:3 arcsec over the wavelength range 420±1000 nm at 608 zenith distance. Over the wavelength range of the tip-tilt sensors (Section 4.3.1) the error is less than 60:15 arcsec at z 60 ± . The prism pairs are counter-rotated in order to produce the correct amount of refraction for actual zenith distance of the star being observed. On the sky the refraction is always in the vertical direction, but because of the ®eld rotation produced by the siderostats (Tango & Thorvaldson 1997) this is not the case within the interferometer, and both prism pairs must be rotated to keep them aligned with the projected vertical direction.
The wavefront tip-tilt correction system
The tip-tilt servo
Wavefront tilts due to atmospheric turbulence are removed by a tiptilt servo system which has been described in detail by ten Brummelaar & Tango (1994) .
1 The tip-tilt detectors and their associated optics are located on the optical table with the beamcombining optical system (see Fig. 5 ).
The tip-tilt mirrors are 70 mm in diameter, and each is mounted on three monolithic piezo-electric transducers. The sensitivity of the transducers and their associated high-voltage ampli®ers is approximately 0:33 arcsec volt À1 with a bandwidth of ,100 Hz. Polarizing beamsplitter cubes located on the main beam-combining optical table direct light to quadrant detectors which produce signals proportional to the angular misalignment of the beam in the vertical and horizontal directions. The detected errors are used to generate the actuating signals which drive the tip-tilt mirrors, with the low-frequency components used to correct for siderostat guiding and tracking errors.
The vertical and horizontal tip-tilt errors do not correspond directly to elevation and azimuth. This has been discussed by Tango & Thorvaldson (1997) , and their formulae are used to determine the siderostat tracking errors from the observed tip-tilt offsets.
The real-time seeing monitor
The four tip-tilt actuating signals (the horizontal and vertical channels for each siderostat) are connected to a real-time seeing monitor which measures the rms¯uctuations in the actuating signals during observation. This system measures the variances of the horizontal and vertical actuating signals. The signals are sampled at a 1-kHz rate, and the variances are calculated using 1000 successive samples. The 1-s variances are averaged over a period of ,100 s (the integrating period is chosen to coincide with the integrating time used for fringe visibility measurement; see SUSI II).
By calculating the variances for 1-s records, low-frequency components in the actuating signals are ®ltered out. Much of the power at low frequencies, however, is not due to seeing but arises from tracking errors in the siderostats. The tip-tilt¯uctuations are Gaussian, and the variances (in rad 2 ) are related to Fried's r 0 parameter through the relation (Greenwood & Fried 1976)
where j 2 is the variance of either the vertical or horizontal component of the wavefront tilts, and d is the aperture diameter. Equation (1) is used to calculate the effective value of r 0 during an observation, and this information is then used to partially correct the fringe visibility for losses due to seeing (this is discussed in more detail in SUSI II).
In addition to calculating the variances, pseudocolour`images' are displayed in real time. These provide a useful visual indication of the size of the seeing disc.
The star-acquisition system
The ®eld of view of the tip-tilt wavefront sensors is ,3 arcsec, and a wide-®eld acquisition system is needed to acquire the star and align it to the main optical axis of the interferometer.
The SUSI acquisition system has been described in detail by Seneta (1991) . A pellicle beamsplitter located near the output of the BRT can be moved into either the north or south beam; it re¯ects ,8 per cent of the incident light to an intensi®ed CCD camera. The ®eld of view is ,8 arcmin for the inner siderostats, but this decreases to ,1:5 arcmin for the outermost siderostats. The image scale on the CCD is ,1 arcsec per pixel. The output is displayed on a video monitor, and the image position is also made available to the SUSI control system. 
The optical path-length compensation (OPLC) system
In any interferometer it is necessary to keep the optical path difference (OPD) between the two arms very much less than the coherence length Dl l 2 =Dl, where l is the observing wavelength, and Dl is the bandwidth used to measure the fringe visibility.
In SUSI the OPD arises principally from (a) the asymmetric distribution of siderostat stations about the centre of the instrument, and (b) the`astrometric' or external OPD. This second contribution, which can amount to several hundred metres at the longest SUSI baselines, results from the fact that the angle between the baseline and the incident starlight is not 908. Because of the Earth's diurnal rotation the angle of incidence changes continuously, and consequently the astrometric OPD is time-dependent.
In order to maintain the overall OPD < 0, it is necessary to introduce a compensating path in one or the other arm of the interferometer. For an east±west baseline, the astrometric OPD is zero at transit, but its rate of change is approximately 7´10 À5 B m s À1 , where B is the baseline length (in metres). For long baselines the OPD rate will be > 10 mm s À1 , and there are practical dif®culties in designing a compensating system which can operate at such relatively high speeds.
With a north±south baseline, however, the astrometric OPD rate is zero at transit, and this was the main reason for choosing a north± south con®guration for SUSI. The principal disadvantage of a north±south baseline is that the effective or projected baseline at transit is reduced by the factor cosd À f, where d is the declination, and f is the latitude.
The carriage system
The (OPLC) consists of two`cat's eye' retrore¯ecting telescopes mounted back to back on a kinematically located carriage which moves along a 70-m precision rail track (Gilliand 1992 ) (see Fig. 2 ). The track is supported on a concrete beam located in the 80 m long tunnel section of the main building. Light from the two siderostats is directed towards the carriage from each end of the track. As the carriage moves, it differentially adds path to one arm and removes it from the other, and consequently the total OPD range that can be compensated by the OPLC is approximately 6140 m. This range of compensation is suf®cient for baselines up to ,200 m. A second system that will provide an additional 6280 m of compensation will be installed when the longest baselines are commissioned. The rails for this system are already in place.
The OPLC is connected to a drive carriage via a crossed¯at spring coupling that minimizes the transfer of any vibration from the drive carriage to the optics. A stepping motor is used in synchronous mode to power the drive carriage, with digitally synthesized sine and cosine waveforms applied to each drive coil to provide very small step sizes (Owens 1998) . The drive wheel is directly coupled to the motor and has a high-friction, high-rigidity tyre for contact with the rails.
A major design problem was how to connect signal and power cables to the OPLC without causing drag that could cause the carriage motion to become irregular. This was ingeniously solved by using a third`cable-laying' carriage (Gilliand 1992 ). This carriage is independently driven and is mechanically connected to the optics carriage by only a loose cable catenary. A simple servo based on optical switches is used to maintain an approximately constant distance of 20 mm between the cable-laying carriage and the OPLC. Each cat's eye consists of an f/3 paraboloid with a small¯at at the focus. The collimated beam of starlight enters on one side of the paraboloid's axis, is focused on to the¯at, then recollimated on the opposite side of the paraboloid's axis. There are well-known advantages in using such an optical system (Holm 1986; Beer & Marjaniemi 1966) . In addition to keeping the beams collinear over a range of input angles, it allows small changes in OPD to be introduced by movement of the optical¯at along the axis of the system. The small¯ats in the two retrore¯ectors are mounted on commercial low-voltage piezo-electric actuators, whose position is also controlled by the remote computer. The greatest defocus of a cat's eye caused by the 6 30 mm maximum movement of a¯at leads to a wavefront tilt of 5 arcsec and wavefront distortion of l=5. Such tilts are easily corrected by the tip-tilt mirrors of the wavefront tilt correction system (see Section 4.3.1), and the distortion causes a negligible loss of fringe visibility (Gilliand 1992) . Table 3 summarizes the system properties for the carriage.
The laser metrology system
The laser metrology system performs two functions. First, it measures the total OPD introduced by the OPLC and, secondly, it monitors the deviations from smooth tracking of the carriage. The system is a double laser homodyne interferometer designed and built for SUSI by the CSIRO Division of Applied Physics in Sydney (Brown, Winter & Fujima 1989) . OPD change is detected via the Doppler shift in the beat between a reference beam, which is shifted in frequency by 40 MHz by an acousto-optic modulator, and the probe beam. Changes in the beat frequency correspond to movement of the compensator carriage. The laser wavelength is stabilized by a servo system, which monitors the power in each of the two orthogonally polarized longitudinal laser modes, and keeps them equal by changing the length of the laser oscillator cavity. Table 4 summarizes the metrology system properties. Infrared lasers are used so as to be outside the sensitive range of the starlight detectors. Ideally, the laser probe beams should traverse the same paths as the starlight, but to avoid optical complexity the probe beams are displaced parallel to the starlight beams by ,70 mm. Fig. 6 shows the location of the beams at the primary of the cat's eye telescopes. The positions of the cat's eyes are separately monitored by two independent laser systems. This is necessary to distinguish between OPD changes resulting from carriage motion (the OPD changes by 4 times the physical distance moved) and changes due to the piezo-electric actuators (the OPD changes by twice the physical displacement).
The metrology system measures relative displacements, so a ®ducial mark is required to de®ne the zero carriage position. This is provided by a commercial inductive transducer mounted next to the track. The transducer has a measured repeatability of about 61 mm, which is consistent with the speci®cations of the device. The q 1999 RAS, MNRAS 303, 773±782 method of determining the optical zero point of the interferometer is described in Section 4.5.1.
The longitudinal dispersion corrector
The astrometric OPD is actually an in vacuo path difference (the atmospheric paths above each siderostat are equal, apart from small path inequalities caused by turbulence and the Earth's curvature). In principle, the internal compensating path should also be in vacuo, and for astrometric interferometers, such as the Mark III Interferometer (Shao et al. 1988 ) and NPOI (Armstrong et al. 1998) , this is essential. However, for interferometers like SUSI and interferometric arrays like COAST (Baldwin et al. 1998 ) and the CHARA Array (McAlister et al. 1998) , that are designed speci®cally to measure angular dimensions or for imaging, it is not necessary, and the internal path compensation is done in air. By operating the OPLC in air, rather than in an evacuated tank, there is a signi®cant saving in complexity and cost but, since a differential air path is introduced, the dispersion in the two arms of the interferometer will be different. This effect is usually referred to as (differential) longitudinal dispersion, since it is associated with the propagation of light along paths with different refractive indices. Tango (1990) has shown that the effects of differential longitudinal dispersion can be reduced to acceptable levels by introducing compensating amounts of suitably chosen glasses into the interferometer. A single glass is not suf®cient for very long paths, and the SUSI longitudinal dispersion corrector (LDC) uses a twoglass combination of BK7 and F7. A series of glass blocks can be added to one or the other beam to change the glass paths by ®xed amounts.
A pair of crown wedges, a ®xed one, and a long one that can be moved past the ®xed wedge, provides a variable glass path which is used with the blocks to obtain the exact amount of crown glass required. A similar system is used to set the¯int path.
The beam-combining and detection optics
The layout of the beam-combining and detector optics is shown in Fig. 5 . Dielectric polarizing beamsplitter cubes transmit primarily horizontally polarized light which is used for the interferometer. The vertically polarized light is re¯ected, and is used for the tip-tilt servo system (Section 4.3.1). The beams from the two input siderostats are combined at a partially re¯ecting dielectric beamsplitter plate. The re¯ectivity of the beamsplitter is within 10 per cent of 0.50 over the spectral range 415±540 nm at the design angle of incidence of 308.
Two monochromators, each consisting of a 608 prism having angular dispersion of approximately 2 arcsec nm À1 , a camera lens and a slit, are used to select the wavelength and bandwidth of the interferometer.
Aperture wheels are located between the beamsplitter and the monochromators. These de®ne the actual aperture of the interferometer. The aperture size can be varied to suit the seeing conditions.
The two beams which emerge from the beamsplitter are detected by EMI type 9893/100 photomultiplier tubes which are designed for photon correlation applications requiring low afterpulsing rates. Fabry lenses are used to image the aperture stops, located near the main beamsplitter, on to the 2.5-mm square cathodes of the photomultipliers.
The fringe visibility is estimated from the number of photons detected by each photomultiplier using the method described by Tango & Twiss (1980) . The details are given in SUSI II.
Alignment aids and techniques
The alignment of the optical beams in a long-baseline interferometer is critical. A misalignment of 1 arcsec, for example, corresponds to a beam displacement of ,1 mm over a distance of 200 m. Small angular errors can cause signi®cant vignetting and loss of signal. Additionally, the visibility detection method used in SUSI assumes that the superimposed beams which emerge from the beam-combiner are accurately coaxial.
The beam-combining optical table consequently incorporates additional alignment optics. Light can be injected into the interferometer from an`arti®cial star' consisting of an illuminated diffraction-limited pinhole in the focal plane of a well-corrected lens. A movable periscopic rhomb is used to direct the collimated light from the arti®cial star outwards through the beam-combiner towards the siderostats.
When SUSI is in its alignment mode the siderostats are placed in their autocollimating positions (i.e., normal to the projection of the main optical axes of the interferometer). When the instrument is autocollimating, the returned image of the pinhole will be superimposed on the pinhole itself. It is impractical to view this returned image directly, and we instead make use of the fact that half of the returned light is re¯ected at the beam-combiner towards the detector in the arm opposite to the one with the arti®cial star. A periscopic rhomb is used to divert this return beam to a reference quadrant image detector which has been optically superimposed with the arti®cial star pinhole. This allows the interferometer to be autocollimated photoelectrically.
With the interferometer autocollimating, the light beams are checked at several locations within the instrument to ensure that there is no vignetting.
The quadrant detectors for the tip-tilt servos are mounted on motor-driven stages which allow them to be moved vertically and horizontally. When they are properly adjusted the outputs of the 780 J. Davis et al. q 1999 RAS, MNRAS 303, 773±782 reference quadrant detector and the two tip-tilt detectors are all nulled. The alignment of the CCD camera used for the acquisition system is done using the control software. The coordinates of the arti®cial star images from the two siderostats are recorded, and these are used to de®ne the centre of the ®eld. Several sources are used to illuminate the arti®cial star. A 543-nm He-Ne laser is used to supply a bright beam for routine alignment of the instrument. Quasi-white light is provided by either a high-pressure mercury or high-pressure xenon arc. Occasionally, other sources are used, principally for wavelength calibration. The sources are located outside the main instrument enclosure on a separate optical bench, since they produce signi®cant amounts of heat.
The arti®cial star system is also used to establish the optical centre of the interferometer and to determine the vacuum OPD offsets due to the asymmetric distribution of the siderostats about the centre of the interferometer. The optical centre is found by the following procedure. The longitudinal dispersion corrector is ®rst set so that there are equal amounts of crown and¯int glass in each arm of the interferometer. An optical¯at, large enough to retrore¯ect both the north and south beams, is located near the output end of the beam-reducing telescope. This mirror is mounted on rails so that it can be moved to intercept both beams. The OPLC is then adjusted until the white-light fringe is obtained, using one of the arc lamps as the source of illumination. This white-light fringe position is de®ned to be the optical centre of the interferometer, and the offset between this position and the mechanical or ®ducial centre of the interferometer is recorded. It should be noted that, apart from the glass in the LDC, both arms of the interferometer are entirely in air, so no ambiguity arises because of dispersive effects.
A similar procedure can be used to determine the OPD offsets due to the asymmetric positions of the siderostat stations. In this case the interferometer is autocollimated out to the siderostats, and the white-light fringe position is determined. The only complication is that the OPD offsets occur in the evacuated pipes linking the stations to the central laboratory, and consequently the air paths in the two arms are no longer equal. The LDC is used to correct for the resulting differential air dispersion.
T H E C O N T R O L S Y S T E M
The main requirements of the SUSI control system can be summarized as follows:
(1) the provision of accurate timing and control signals throughout the instrument, ensuring that`latency' (i.e., the uncertainty in timing due to the vagaries of the operating system) does not affect the operation of closed-loop servo systems;
(2) the provision of precise pointing and tracking data for the siderostats, path compensator, etc; (3) a simple communications protocol which can be used over point-to-point serial lines as well as on a local area network.
(4) modular design based on a relatively small number of commercial and custom-designed units in order to simplify maintenance and reduce costs.
(5) easy-to-use user interfaces to individual systems, and ef®-cient control of the overall instrument, and (6) standardized code development to simplify maintenance and upgrading of the system. Embedded processing' is used throughout SUSI. Every major subsystem has an associated, dedicated computer (`the device controller') which implements all the logical functions needed to operate the subsystem. Register-mapping is used to transfer data to and from the control hardware, which interfaces directly with the equipment.
The device controllers additionally communicate with their associated`user interfaces'. These are application programs which present a common menu-driven interface to the observer. The interface passes commands and exchanges data with its device controller. Where possible, no time-critical commands or data are sent, since the latency of the computer hosting the user interface cannot be controlled.
The SUSI timebase is a master rubidium oscillator which controls a disciplined quartz crystal oscillator. Timing signals for the interferometer are all derived from the quartz crystal oscillator. The epoch of the rubidium clock is currently established by comparison with GPS, and we anticipate replacing the existing time system in the near future with an entirely GPS based system.
In SUSI all the required calculations for pointing the siderostats, driving the path compensator, etc., are done by a single background process running on the main workstation. The calculation of the siderostat positions and rates has been discussed by Tango & Thorvaldson (1997) . The calculation of the OPLC position and rate can be found from Murray (1983) .
The control of SUSI during an observation involves several servo loops. These are time-critical operations and run under a specially developed real-time operating system. Control of each servo system is by a`master' serial controller linking the relevant device controllers. The master controllers have user interfaces, similar to those for the individual device controllers, which enable the observer to monitor and control the behaviour of the various servos.
S TAT U S A N D F U T U R E D E V E L O P M E N T S
The siderostat stations and the various subsystems of SUSI have been commissioned progressively, starting with the stations closest to the centre of the baseline array. Currently, all the`preferred' baselines listed in Table 2 , up to and including 80 m, are fully operational. The remaining siderostat stations are equipped with siderostats and are being commissioned progressively to bring the longer baselines on line.
The instrument is currently being operated with a blue beamcombining optical system adapted from the system developed for the prototype interferometer (Davis & Tango 1985) . The system is restricted in spectral coverage to the wavelength range 400±550 nm by the multilayer coatings on the main beamsplitter used to combine the beams.
One OPLC carriage is fully operational, and a second carriage is being developed in parallel with the commisssioning of the longer baselines for which it will be needed. A group delay tracking system has been successfully developed (Lawson 1994) . To date, it has been restricted to bright stars (B < 2), but a new detector is being commissioned in parallel with the atmospheric refraction corrector and longitudinal dispersion corrector systems, and it is anticipated that this will give a signi®cant improvement in delay tracking sensitivity.
An extensive commissioning and observational program has been carried out to evaluate residual instrumental and atmospheric effects, and to establish calibration procedures to correct and normalize raw correlation measurements. This programme and its results are discussed in detail in SUSI II. The scienti®c programme has commenced.
Potential future developements of SUSI include the addition of a second beam-combining system for the red end of the spectrum. This will be installed on a second optical table, which is located near the`blue' optical table shown in Fig. 2 . It is also envisaged that an eastern array of siderostat stations will be added in the future. In the ®rst instance, any station on this arm could be combined with any station on the north or south arms to give improved parallactic angle cover for the study of binary systems, rotating stars, etc. at low declinations. In the longer term, the possibility of combining the light from three or more apertures using phase-closure techniques to form images has not been excluded by the initial design of SUSI.
